The NADH:ubiquinone oxidoreductase (respiratory complex I) is the main entry point for electrons into the Escherichia coli aerobic respiratory chain. With its sophisticated setup of 13 different subunits and cofactors it is anticipated that various chaperones are needed for its proper maturation. However, very little is known about the assembly of E. coli complex I, especially concerning the incorporation of the iron-sulfur clusters. To identify iron-sulfur cluster carrier proteins possibly involved in the process, we generated knockout strains of NfuA, BolA, YajL, Mrp, GrxD and IbaG that have been reported either to be involved in the maturation of mitochondrial complex I or to exert influence on the clusters of bacterial complex. We determined the NADH and succinate oxidase activities of membranes from the mutant strains to monitor the specificity of the individual mutations for complex I. The deletion of NfuA, BolA and Mrp led to a decreased stability and partially disturbed assembly of the complex as determined by sucrose gradient centrifugation and native PAGE. EPR spectroscopy of cytoplasmic membranes revealed that the BolA deletion results in the loss of the binuclear Fe/S cluster N1b.
Introduction
Iron-sulfur (Fe/S)clusters are among the most important, versatile and ancient cofactors in nature. They are present in all kingdoms of life participating in electron transfer reactions, respiration, photosynthesis, DNA repair, gene regulation and other processes (Kiley and Beinert, 2003; Roche et al., 2013; Braymer and Lill, 2017) . The clusters are fabricated by evolutionary conserved biosynthetic machineries (Roche et al., 2013; Py and Barras, 2015) called NIF (from nitrogen fixation), SUF (from sulfur mobilization) and ISC (from ironsulfur cluster) (Takahashi and Tokumoto, 2002; Ayala-Castro et al., 2008; Py and Barras, 2010) . While the NIF system is exclusively required for nitrogenase maturation, ISC and SUF are generally used for the biogenesis of Fe/S proteins. ISC is the dominant housekeeping system that is inactivated by reactive oxygen species. SUF is expressed when bacteria grow under oxidative stress or iron limitation. Both systems share a common mechanism comprising three major steps (Supporting Information, Fig. S1 ). A cysteine desulfurase (IscS and SufS) removes sulfur from L-cysteine and delivers it to the scaffold protein IscU (Zheng and Dean, 1994; Schwartz et al., 2000; Mihara and Esaki, 2002) . On IscU, sulfur and iron that provided by a still unknown source are assembled into a cluster. The cluster is released from the scaffold protein by an ATP-hydrolyzing component and is further transferred to the individual apo-proteins either directly or by means of A-type carriers (ATCs) (Nachin et al., 2003; Vinella et al., 2009) . Escherichia coli encodes three ATCs namely ErpA, IscA and SufA that are classified as Fe/S cluster carrier proteins because they do not interact with cysteine desulfurases (Angelini et al., 2008; Tan et al., 2009) . The putative Fe/S cluster carrier NfuA contains an amino-terminal domain similar to an ATC but lacks the cysteine residues involved in cluster binding. It is discussed that this degenerated ATC domain enables NfuA to be targeted to its apoproteins (Agar et al., 2000; Dos Santos et al., 2004; Smith et al., 2005; Bandyopadhyay et al., 2008; Jin et al., 2008) . Recently, it was shown that NfuA reconstitutes the Fe/S cluster of lipoyl synthase to restore its catalytic activity (McCarthy and Booker, 2017) .
Other E. coli proteins share sequence homology to eukaryotic proteins that were identified to participate in Fe/S cluster delivery. One of these is Mrp of the ParA-like family (Koonin, 1993; Hausmann et al., 2005; Boyd et al., 2008) and the monothiol glutaredoxin GrxD. It is proposed that homodimeric GrxD binds binuclear Fe/S clusters, but that it also acts as a heterodimer with BolA, a poorly characterized protein involved in shaping cell morphology and regulatory processes under stress conditions (Yeung et al., 2011; Li and Outten, 2012) . Both, the GrxD homodimer and the GrxD/BolA heterodimer are capable of delivering Fe/S cluster to an acceptor protein. Together with Nfu, Bol is involved in the biogenesis of mitochondrial Fe/S clusters (Melber et al., 2016; Uzarska et al., 2016) . It was suggested that another E. coli BolA-like protein, IbaG, might also be involved in Fe/S cluster trafficking (Dlouhy et al., 2016) . Although the participation of these proteins in Fe/S cluster delivery is shown, their target proteins remain largely unknown.
One of the major target proteins is the energy-converting NADH:ubiquinone oxidoreductase, respiratory complex I. Complex I is the first enzyme of respiratory chains in many eukaryotes and most bacteria (Baradaran et al., 2013; Zickermann et al., 2015; Fiedorczuk et al., 2016; Zhu et al., 2016) . Homologues of the complex are present in all domains of life and contribute to the generation of the proton motive force essential to drive energyconsuming processes (Friedrich, 2014) . A dysfunction or incomplete assembly of the human complex is associated with the onset of neurodegenerative diseases such as Parkinson's syndrome (Lin and Beal 2006; Rhein et al., 2009; Baertling et al., 2017) . In patients with Friedreich's ataxia, non-functional Fe/S proteins and local iron accumulation have been observed that are caused by a mutation of the gene encoding frataxin (Bidichandani and Delatycki, 1998; Isaya, 2014) . Frataxin is discussed to be the source of iron for the scaffold protein, although it was shown that it is not essential for the biogenesis of E. coli complex I (Pohl et al., 2007a) .
The closest E. coli homolog of the Parkinsonismassociated protein DJ-1, YajL, was proposed to play a role in the prevention of protein aggregation. YajL is a multi-functional oxidative stress response protein that exhibits chaperone activity (Sastry et al., 2002; Gautier et al., 2012) . It was reported that deletion of yajL leads to a decrease complex I activity and an overproduction of alternative dehydrogenases (Messaoudi et al., 2015) .
E. coli complex I is made up of 13 different subunits called NuoA-N (Friedrich et al., 2016) . They are assembled to a peripheral arm protruding into the cytoplasm and a membrane arm embedded in the cytoplasmic membrane (Baradaran et al., 2013) . The peripheral arm catalyzes NADH oxidation, electron transfer to the quinone and participates in quinone reduction. Electron transfer is accomplished by one flavin mononucleotide (FMN) and nine Fe/S clusters (de Vries et al., 2015) . NADH is oxidized by FMN and the electrons are transferred to the substrate quinone by a 95 Å long chain of seven Fe/S clusters. The chain comprises the tetranuclear cluster N3 on NuoF and the binuclear N1b on NuoG. NuoG contains two additional tetranuclear clusters that have not yet been unequivocally assigned to distinct EPR signals (Yakovlev et al., 2007; Ohnishi and Nakamaru-Ogiso, 2008) . The third tetranuclear Fe/S cluster on NuoG, N7, is only found in a few bacterial species and is not involved in electron transfer (Pohl et al., 2007b) . Electrons are further transferred from NuoG to quinone via three tetranuclear Fe/S clusters located on NuoI and NuoB. An additional binuclear cluster on NuoE, N1a, is not part of the chain of clusters but is located in electron transfer distance to FMN. The cluster is strictly conserved and plays not only a role in the stability and the assembly of the complex (Birrell et al., 2013; Dörner et al., 2017) but also in regulating NADH oxidation (Gnandt et al., 2017) .
Here, we analyzed whether NfuA, Mrp, YajL, IbaG, GrxD and BolA are involved in the incorporation of Fe/S clusters in E. coli complex I by generating knockout strains that were examined for their specific complex I activity. It turned out that Mrp has a significant effect on complex I activity and assembly, while the deletion of NfuA did not only affect the activity of complex I, but also that of respiratory complex II containing three Fe/S clusters. In addition, BolA seems to be important for the incorporation of N1b into complex I.
Results

Generation of deletion strains and cell growth
E. coli encodes two membrane bound NADH dehydrogenases, namely, respiratory complex I (encoded by the nuo-genes) and the alternative NADH dehydrogenase (encoded by the ndh-gene) (Unden et al., 2014) . To directly measure complex I activity in the membranes and to circumvent the use of highly expensive deamino (d)-NADH as substrate, BW25113 ∆ndh was used as parental strain. D-NADH is an artificial substrate with a pronounced selectivity for complex I over the alternative NADH dehydrogenase (Friedrich et al., 1994) . To analyze whether the loss of the alternative NADH dehydrogenase might compromise the growth of mutant strains lacking the putative Fe/S cluster carrier proteins, strains BW25113 ∆ndh, BW25113 ∆nuo and BW25113 ∆ndh ∆nuo were generated and their growth on minimal medium using acetate as non-fermentable carbon source was compared with that of the parental strain, BW25113 (Fig. 1A) . Strain BW25113 ∆ndh grew virtually identical to the parental strain, while the deletion of the nuo genes led to significantly decreased growth rate. Deletion of both, the ndh-and the nuo-genes, had the same effect as deleting nuo (Fig. 1A) . The strains lacking the nuo-genes grew slower most likely due to an imbalanced NADH/NAD + ratio hampering the TCA cycle. It is known that the alternative NADH dehydrogenase has an approximately 10-fold lower affinity to NADH than complex I (Friedrich et al., 1994) . The deletions had no effect on the growth of the strains with glucose as sole carbon source (Supporting Information, Fig. S2 ). Thus, a disturbed function of complex I is detectable in strain BW25113 independent of the presence of ∆ndh.
The NADH oxidase activity of the parental strain involves the activity of both membrane-bound NADH dehydrogenases (Table 1) , while the d-NADH oxidase activity is solely mediated by complex I (Friedrich et al., 1994) . The d-NADH oxidase activity of membranes from strain BW25113 was 50% of the NADH oxidase activity.
The NADH oxidase activity was inhibited by 45% by an addition of 10 µM piericidin A, a specific complex I inhibitor. Thus, both enzymes contribute approximately an equal share to the NADH oxidase activity. The d-NADH oxidase activity was completely lost in strains lacking the nuo-genes indicating the specificity of the substrate (Table 1 ). The ndh deletion did not significantly affect the d-NADH oxidase activity. Furthermore, no NADH and d-NADH oxidase activity was detectable in a strain lacking both NADH dehydrogenases indicating that no other protein contributes to this activity (Table 1) . Thus, NADH is exclusively used by complex I in strain BW25113 ∆ndh turning it into an excellent host strain to generate chromosomal deletions of genes encoding putative Fe/S cluster carrier proteins. Double or triple deletion strains were individually transformed with pETblue-1 (mrp/nfuA/yajL/bolA/ ibaG/grxD) to complement the corresponding deletions. Noteworthy, we were unable to delete erpA from the chromosome despite numerous attempts confirming that it is essential for the viability of E. coli under aerobic growth conditions (Loiseau et al., 2007) . The double deletion strains were grown in minimal medium with acetate as carbon source (Fig. 1B) . BW25113 Δndh ΔyajL and BW25113 Δndh ΔibaG grew like the parental strain (data not shown), while the other deletion strains showed a decreased growth rate. Complementation of these strains with a bolA, mrp, nfuA, grxD plasmid restored growth (Fig. 1B) .
Activity of complex I and II in the mutant strains
Cells were disrupted by two passes through a French pressure cell and cytoplasmic membranes were obtained by differential centrifugation (Leif et al., 1995) . The activity of the aerobic respiratory chain was measured with a Clark-type electrode as decrease in oxygen concentration (John, 1976) . The reaction was either started by an addition of NADH or succinate. The NADH oxidase activity reflects the activity of complex I due to the chromosomal deletion of ndh coding the alternative NADH dehydrogenase. The succinate oxidase activity is mediated by succinate:ubiquinone oxidoreductase, respiratory complex II, containing three Fe/S clusters (Yankovskaya et al., 2003) . This activity was used as control to determine the specificity of the deletions with respect to complex I. Parental strain BW25113 Δndh was used as reference and the activities obtained with the mutant's membranes were expressed as percentage of the activity of the parental strain (Table 2) .
Strain BW25113 Δndh ΔbolA showed no significant change of NADH and succinate oxidase activities, while both were slightly but significantly decreased by 20% in strain BW25113 Δndh ΔyajL. Deletion of yajL was reported to result in an upregulation of other dehydrogenases (Messaoudi et al., 2015) . Indeed, the formate oxidase activity caused by the formate dehydrogenase expressed under oxic conditions (Fdh-O) was with 0.18 U mg -1 in the ΔyajL deletion strain twice the value obtained with the parental strain. NADH oxidase activity of membranes from BW25113 Δndh ΔnfuA and Δndh Δmrp was approximately halved. While the loss of NfuA also decreased the succinate oxidase activity by one-third, the lack of Mrp had no influence on the latter activity suggesting that Mrp is specifically needed for the incorporation of Fe/S clusters into complex I. The lack of GrxD did not significantly influence NADH oxidase activity, however, resulted in a succinate oxidase activity that was diminished by one quarter. The deletion of ibaG had neither an effect on the NADH nor on the succinate oxidase activity (Table 2) .
Deletion strains with decreased oxidase activity were individually transformed with plasmids containing the chromosomally deleted yajL, mrp and nfuA respectively, ( Table 2 ). The pET vector was chosen due to its leaky gene expression in the absence of any inducer in a medium lacking glucose (Hattab et al., 2015) . Noteworthy, the knockout strains complemented with yajL and mrp showed a significantly enhanced NADH and succinate oxidase activity (Table 2) suggesting that the amount of a functional complex I and II may be limited by the incorporation of Fe/S clusters into the enzyme complexes in E. coli. In trans complementation with nfuA also significantly increased both activities in the deletion strain. It was shown that BolA and IbaG, both members of the BolA-protein family, are capable of forming heterodimers with GrxD bridging a [2Fe-2S] cluster (Yeung et al., 2011; Dlouhy et al., 2016) . To monitor whether the proteins of the BolAfamily and GrxD may substitute each other, triple deletion strains lacking ndh were constructed ( Table  2 ). The strain devoid of grxD and ibaG showed no significant change in NADH oxidase activity. Strains lacking bolA/grxD and bolA/ibaG exhibited a slightly decreased NADH oxidase activity that was most likely solely due to the lack of BolA leading to a similarly diminished activity ( Table 2 ). The triple deletion strains showed no additive effects on NADH oxidase activities opposing a possible substitution of BolA by IbaG and by GrxD. However, the NADH oxidase activity of a strain carrying the quadruple deletion ndh, bolA, grxD and ibaG was significantly reduced by onethird suggesting that IbaG and GrxD together might b capable of compensating the loss of BolA.
The succinate oxidase activity of the strain lacking grxD/ibaG was reduced to the same amount as found with the individual deletions (Table 2) . However, the succinate oxidase activity of strains lacking bolA/grxD and bolA/ibaG was significantly decreased compared to that of the strains individually lacking bolA, grxD or ibaG (Table  2) . Correspondingly, interplay of these proteins seems to be important for the incorporation of Fe/S clusters in complex II. The quadruple deletion of ndh, bolA, grxD and ibaG diminished the succinate oxidase activity to the same extent as the ndh, bolA and ibaG deletion (Table 2) .
Triple deletion strains with diminished NADH oxidase activity were individually complemented with the corresponding pET vectors. BW25113 Δndh ΔbolA ΔibaG complemented either with ibaG or bolA showed a slightly higher NADH oxidase activity than the parental strain. Complementation of the strain with bolA led to the full recovery of succinate oxidase activity. However, complementation with ibaG alone was not sufficient to recover activity (Table 2) . BW25113 Δndh ΔbolA ΔgrxD complemented with bolA exhibited a slightly lower NADH and a clearly increased succinate oxidase activity. Complementation of this strain with grxD led to a slight enhancement of succinate oxidase activity. Most surprisingly, this strain repeatedly exhibited further decreased NADH oxidase activity ( Table 2 ). The same observation was made by using a strain from the Keio collection, in which grxD gene is inactivated (grxD::nptI) and complemented with a pCA24N his grxD from the ASKA collection (https://cgsc2.biology.yale.edu/KeioList.php).
Assembly of complex I in the mutant strains
Assembly of complex I in the various mutant strains was investigated by extracting proteins from cytoplasmic membranes with dodecyl-maltoside and loading the cleared extract on a native PAGE (Fig. 2 ) and a sucrose gradient (Fig. 3) .
Isolated E. coli complex I and the soluble NADH dehydrogenase fragment of the complex consisting of subunits NuoE, F and G (Braun et al., 1998) were used as standards to determine the position of the fully assembled complex I and the defined fragment (Fig. 2) . As control, a membrane extract from the strain lacking both NADH dehydrogenases was also applied. Assemblies of the complex that contain NuoF were identified by in-gel staining with nitroblue tetrazolium (NBT) and NADH. The NADH dehydrogenase activity leads to the precipitation of blue formazan in the gel (Zerbetto et al., 1997) . Due to the lack of the alternative NADH dehydrogenase in the parental strain there is no other enzyme in the E. coli cytoplasmic membrane comprising this activity (Table 1) .
The fully assembled complex with an apparent molecular mass of 550 kDa was clearly detectable in the membrane extract from the parental strain and from strains lacking bolA, yajL and ibaG (Fig. 2) . The amount of proteins was significantly diminished in the membranes of the strains lacking mrp, nfuA and grxD (Fig. 2) . Proteins were hardly detectable neither by Coomassie nor by NBT staining. It seemed that proteins from these strains tend to precipitate in the sample wells. Nevertheless GrxD, Mrp and NfuA are important to guarantee the assembly of a stable E. coli complex I as the band of fully assembled complex I was hardly detectable by NBT-staining in the lanes loaded with the extract of the corresponding mutants. The NADH dehydrogenase fragment with an apparent molecular mass of about 170 kDa was detectable in all samples by NBT staining indicating a partial degradation of the complex under the experimental condition.
Unexpectedly, an additional broad band was present in the extracts from all strains after NBT-staining of the gel (Fig. 2) . This fragment has so far not been described and its subunit composition is not known. With its apparent molecular mass of about 300 kDa it might represent the entire peripheral arm of the complex probably attached to some of the hydrophobic subunits. To identify its subunit composition, the band was sliced out from the native gel and subjected to SDS-PAGE. The SDS gel was cut in discrete stripes that were further analyzed by mass spectrometry ( Supporting Information, Fig. S3 ). All subunits of complex I were identified in the SDS gel with the exception of NuoL and NuoM of the membrane arm. In addition, NuoN was only detectable in faint amounts ( Supporting Information, Fig. S3 ). It appears that this band reflects a fragment of the complex lacking the distal part of the membrane arm made up by subunits NuoL, M and N (Baradaran et al., 2013) . A similar fragment was described by electron microscopy of E. coli complex I (Baranova et al., 2007) . This incomplete complex was detectable in the parental strain suggesting that it does not derive from the deletion of the putative cluster carrier proteins and it remains unclear whether it represents an assembly intermediate of the complex or a product of the decay of the complex due to detergent extraction. Furthermore, mass spectrometry revealed the presence of NfuA in the same band as NuoG after SDS-PAGE ( Supporting Information, Fig. S3 ). NfuA was also detected in slices covering the expected molecular mass of the protein around 21 kDa.
A cleared extract obtained from incubating the membranes for 1 h with 1% detergent was loaded onto 24 ml sucrose gradients and the membrane proteins contained were separated by ultracentrifugation. The gradients were fractionated in 1 ml portions and their NADH/ferricyanide oxidoreductase activity was measured (Fig. 3) . The activity is solely caused by the FMN containing subunit NuoF. The fully assembled complex I sediments in fractions 13-18 under chosen conditions (Leif et al., 1995) as seen in the activity profile of the gradient loaded with the extract of the parental strain (Fig. 3) . In addition, a broad activity peak was detected around fraction 8 that has been attributed to the NADH dehydrogenase fragment mentioned above (Braun et al., 1998) . It is assumed that this peak originated from a decay of the entire complex as the fragment does not contain any membranous subunits making it unlikely to be present in the detergent extract from membranes. It is well known that the NADH dehydrogenase fragment tends to dissociate from the residual E. coli complex I (Böttcher et al., 2002) . No activity peak indicative for the presence of the fully assembled complex was detectable in the gradients loaded with the membrane extract from strains lacking either nfuA (Fig. 3A) or mrp (Fig. 3B ). This is in agreement with the data obtained by native PAGE (Fig. 2) leading to the conclusion that the complex is not stable in these mutants. The additional small activity peak around fraction 10 possibly indicates the presence of another complex I fragment containing NuoF but featuring a higher molecular mass than the NADH dehydrogenase fragment. As this fragment is not detectable in the extract from the parental strain it may stem from a decomposition of the more fragile complex present in the mutants. It does not correspond to the 300 kDa band detected by NBT staining after native PAGE as this band is also detectable in the parental strain (Fig. 2) . Surprisingly, the fully assembled complex was not detectable in the sucrose gradient loaded with the extract from the strain lacking bolA (Fig.  3C ) although a band indicative of the fully assembled complex I was detected after native PAGE (Fig. 2) . This might indicate that the complex is fully assembled in the mutant membrane as indicated by its NADH oxidase activity (Table 2 ) but decays during extraction with 1% detergent due to its diminished stability. Noteworthy, the samples for native PAGE were obtained by extraction with 0.2% dodecyl-maltoside. In addition, the activity profile of the strain lacking bolA showed a higher activity peak around fraction 9 (Fig. 3C) .
The activity profile obtained with the membrane extract from BW25113 Δndh ΔyajL showed the activity peak of fully assembled complex I but in a clearly diminished amount (Fig. 3D ) consistent with the decreased NADH oxidase activity of the mutant membranes (Table 2 ) and the NBT staining (Fig. 2) . Again, an activity peak around fraction 10 was clearly detectable. The activity profile of the extract from BW25113 Δndh ΔgrxD (Fig. 3E ) was similar to that of the yajL deletion strain. Here, the small activity peak caused by the entire complex is in agreement with the low amount of complex I detected in this strain by NBT staining of the native gel (Fig. 3) . The strain lacking ibaG (Fig. 3F) showed an activity profile similar to that of the parental strain although with slightly reduced activities in accordance with its NADH oxidase activity ( Table 2) .
The triple deletion of either ndh/bolA/grxD (Fig. 3G ) or ndh/bolA/ibaG (Fig. 3H ) led to an activity profile similar to that obtained with the strain devoid of ndh/bolA (Fig. 3C) . Only the NADH dehydrogenase fragment was detectable in the gradients. In contrast, the fully assembled complex was detectable in the strain lacking ndh/grxD/ibaG (Fig.  3I ) although the activity of the peak was approximately halved as observed with the strain lacking ndh/grxD (Fig.  3E) . The strain carrying the quadruple deletion of ndh/bolA/grxD/ibaG showed an activity profile similar to that of the strain lacking ndh and bolA, however, with even less activity in the peaks corresponding to complex I. The activity peak of the NADH dehydrogenase fragment was clearly detectable (Fig. 3J) .
Effect of the mrp deletion in an ndh + background
To validate the results obtained with strain BW25113 Δndh as parental strain, the deletion of mrp causing a strong effect on complex I activity and assembly was exemplarily introduced into strain BW25113 and the activity, assembly and stability of the complex in this strain was characterized as described above. BW25113 grew on minimal media with acetate as carbon source similar to BW25113 Δndh. The strain lacking only mrp grew like the strain lacking mrp and ndh, however, worse than the strain lacking ndh (Supporting Information, Fig. S4 ). The NADH oxidase activity of membranes from BW25113 Δmrp was diminished by 10% compared to that of BW25113 (Supporting Information, Table S1 ), while the d-NADH oxidase activity of BW25113 Δmrp was 25% of its NADH oxidase activity. Thus, halve of the d-NADH oxidase was lost in excellent agreement with the data obtained with BW25113 Δndh Δmrp (Table 2) . No activity corresponding to the fully assembled complex I was detectable in the gradient loaded with the cleared membrane extract from BW25113 Δmrp (Supporting Information, Fig.  S5 ). An additional activity peak was detected around fraction 6 that is also present in the activity profile of BW25113. This peak is most likely caused by the alternative NADH dehydrogenase that is absent in the other strains. The enzyme/detergent complex is expected to have a molecular mass of about 120 kDa. Again, the results are virtually identical to that obtained with strain BW25113 Δndh demonstrating its excellent suitability to investigate the role of putative cluster carrier proteins for complex I.
Presence of the binuclear Fe/S clusters in the mutant membranes
It was attempted to directly observe the effects caused by the deletion of the putative carrier proteins on the Fe/S clusters of complex I by EPR-spectroscopy. Because of the presence of several membrane-bound proteins containing tetranuclear Fe/S clusters only the signals of the binuclear clusters N1a and N1b can unequivocally be identified when measuring membranes (Dörner et al., 2017) . To specifically detect these clusters, difference spectroscopy was applied. Membranes were incubated with 10 µM piericidin A to prevent reduction of components downstream of the E. coli respiratory chain. NADH was added to one aliquot of the membrane suspension while another aliquot was diluted with an equal amount buffer. Spectra of the NADH-reduced and air-oxidized samples were recorded at 40 K and 5 mW microwave power. The spectrum of the oxidized membranes was subtracted from that obtained with the reduced sample. The difference spectrum of the membranes of the parental strain clearly showed the signals of the binuclear clusters N1a and N1b (Fig. 4) . The spectral parameters were obtained by simulation (N1a: g z = 1.999, g y = 1.95 and g x = 1.925 and N1b: g z = 2.028, g y,x = 1.94). A molar ratio of 1:0.75 was obtained for N1a to N1b as regularly observed under this experimental condition (Leif et al., 1995) . The spectra of the mutants lacking YajL, IbaG or GrxD in addition to Ndh did not significantly differ from that obtained with the parental strain (Fig. 4) . Accordingly, the mutual deletion of ibaG and grxD together with ndh did not show any effect on the binuclear Fe/S clusters of the complex. However, the difference spectrum of the membranes from the bolA deletion strain was very noisy due to a diminished amount of Fe/S clusters in the membrane (Fig. 4) . While the signal from N1a was present although with strongly diminished amplitude, no signal from N1b was detectable. Deletion of nfuA or mrp had no influence on the EPR signals of N1a and N1b suggesting that the low NADH oxidase activity of the membranes from the corresponding strains and the instability of the complex (Figs 2, 3 ) are due to a loss of tetranuclear Fe/S cluster(s).
Quantification of Nuo-proteins in the bolA and grxD deletion strains
Unexpectedly, overproduction of GrxD led to a further decrease the NADH oxidase activity (Table 2) . To monitor a possible influence of grxD on the expression of the nuo-genes, the amount of complex I subunits in the grxD deletion strain was directly analyzed by quantitative mass spectrometry of cell lysates (Cox and Mann, 2008) .
Furthermore, the amount of complex I subunits was determined in the bolA deletion strain, as the complex I activity was only slightly reduced in this strain ( Table 2) . The content of all Fe/S proteins, namely NuoB, E, F, G and I, of the globular non-Fe/S protein NuoCD and the polytopic non-Fe/S proteins NuoH and N were not significantly altered in the deletion strains compared to that of the parental strain (Fig. 5) . Noteworthy, the lack of BolA led to a slight but significant decrease specifically of NuoG that harbours amongst others Fe/S cluster N1b (Fig. 5) . The amount of BolA in the grxD deletion strain and the amount of GrxD in the bolA deletion strain was not significantly altered compared to their amount in the parental strain. This is noteworthy since it is reported that BolA and GrxD form a complex in E. coli (Yeung et al., 2011; Dlouhy et al., 2016) .
Discussion
Only little is known about the assembly the E. coli complex I especially concerning the incorporation of its Fe/S clusters. It is attempting to speculate that putative Fe/S cluster carrier proteins such as Mrp, NfuA, YajL, BolA and GrxD might be involved in transferring Fe/S cluster(s) from the scaffold protein to the apo-complex. Strain BW25113 Δndh was used as parental strain to generate the knockout strains as it grew indistinguishable from strain BW25113 on minimal acetate medium and enables the direct measurement of complex I activity because NADH is exclusively oxidized by complex I in this strain (Table 1 ). The deletion of mrp in this strain and in BW25113 led to virtually identical results (Supporting Information, Figs S4 and S5, Table S1 ).
The decreased growth of the strain BW25113 Δndh ΔnfuA might be caused by a depletion of lipoate in the mutant due to an inactivation of lipoyl synthase (McCarthy and Brooker, 2017) . Lipoate is essential for the function of pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase and, thus, for aerobic growth of E. coli (Hermes and Cronan, 2014) . However, more important for the poor growth is the significantly decreased level of active complex I as reflected in the diminished NADH oxidase activity (Table 2 ). The deletion of ibaG or yajL showed no effect on the growth behaviour in minimal acetate media. The strains complemented with nfuA, mrp or grxD plasmids grew like the parental strain.
Deletion of the eukaryotic Nfu1 causes a diminished amount of Fe/S proteins such as succinate dehydrogenase, aconitase and lipoate synthase (Navarro-Sastre et al., 2011; Ferrer-Cortes et al., 2013; Nizon et al., 2014) . Here, we showed that deletion of the E. coli homologue nfuA also leads to a significantly diminished NADH and succinate oxidase activity that is partially recovered by complementation of the deletion strain with a nfuA expression plasmid (Tab. 2). The binuclear Fe/S clusters N1a and N1b were detected in cytoplasmic membranes of the deletion strain by EPR spectroscopy. However, it was not possible to obtain the fully assembled complex I from the membranes even by using mild extraction conditions (Fig. 2 ). An interaction of NfuA with NuoG was shown by mass spectrometry (Py et al., 2012) . NuoG contains three tetranuclear clusters and is, thus, an excellent candidate for interactions with Fe/S cluster carrier proteins. We also detected NfuA together with NuoG in a complex I fragment by mass spectrometry (Fig. S3) . Thus, it is very likely that NfuA transfers tetranuclear Fe/S cluster(s) into the complex, although we were not able to determine which and how many of the seven [4Fe-4S] clusters depend on the action of this carrier protein.
Mrp belongs to the Mrp/NBP35 protein family. It was shown that Ind1, another member of this family, is essential for the assembly of mitochondrial complex I (Bych et al., 2008; Sheftel et al., 2009) . In E. coli, deletion of mrp led to a significant decrease complex I activity and stability (Table 2 ; Figs 2 and 3). In contrast to NfuA, Mrp seems to be specific for complex I assembly since its deletion does not affect succinate oxidase activity. The deletion of Mrp did not affect the incorporation of the binuclear clusters N1a and N1b into the complex suggesting that Mrp like NfuA is involved in the transfer of tetranuclear Fe/S clusters. Due to the low stability of the complex assembled in the mutant, we were not able to identify the clusters that are provided by this Fe/S cluster carrier protein.
Taking the data together, Mrp and NfuA are involved in the transfer of tetranuclear Fe/S cluster(s) in complex I with Mrp being specific for complex I.
Membranes from strains lacking bolA showed no altered NADH and succinate oxidase activities and complex I assembled in the mutant was extractable with 0.2% detergent (Fig. 2) . However, the complex decayed after extraction with 1% detergent (Fig. 3) and N1b was not detectable in the mutant's membrane by EPR spectroscopy, and the amount of N1a was clearly reduced (Fig.  4) . This might indicate that a complex lacking N1b is stable in the membrane but too labile to survive extraction at high detergent concentrations. From calculations of intramolecular electron transfer rates (Page et al., 1999; Moser et al., 2006) it is evident that the loss of N1b will not alter the electron transfer rates from NADH to ubiquinone explaining the consistent NADH oxidase activity of the mutant's membranes. Thus, BolA seems to be specific for the transfer of the binuclear Fe/S cluster N1b into E. coli complex I. Since BolA is not capable of binding a Fe/S cluster we propose that it may bind to NuoG guiding the cluster carrier protein to the correct position and possibly assisting the insertion of the cluster into NuoG. There seems to be no specific carrier protein interacting with BolA since the deletion of GrxD had no effect on N1b.
Deletion of the other member of the BolAprotein family under investigation here, IbaG, does neither affect the activity nor did the stability of E. coli complex I. This is not surprising given the low sequence identity of 22% between BolA and IbaG. Nevertheless, IbaG seemed to play a role for the assembly or the stability of the complex as its amount was slightly but significantly reduced from 3.24 ± 0.16 [U ml
-1 ] to 2.32 ± 0.19 [U ml -1 ] in the main peak of the sucrose gradient activity profile (Fig. 3) . Using a genetic array analysis Butland and co-workers (2008) observed synthetic sickness and lethality due to deletions of GrxD and BolA-like proteins in strains with mutations within the isc-operon suggesting that GrxD and BolA together function in an alternate pathway for Fe/S cluster assembly in E. coli. The succinate oxidase activity in membranes from strains lacking either grxD and bolA or grxD and ibaG was strongly diminished, while only a mild effect on complex I activity was detectable (Table 2) indicating different importance of the heterodimer for Fe/S cluster incorporation in complex I and II respectively. The GrxD-homodimer as well as the BolA-GrxD-heterodimer are described as [2Fe-2S]-transporters in E. coli (Yeung et al., 2011; Li and Outten, 2012) . In complex I, deletion of grxD did not interfere with the incorporation of the binuclear Fe/S clusters but halved the amount of fully assembled complex I in the detergent extract as indicated by the activity profile of the sucrose gradient (Fig. 3) . The NADH oxidase activity was not affected and the succinate oxidase activity was slightly reduced. GrxD is discussed as being part of repair machinery for damaged Fe/S clusters (Boutigny et al., 2013) . Thus, it is most likely that GrxD acts as acceptor for damaged Fe/S clusters or as iron or sulfur donor for other chaperones.
Complementation of all strains with plasmids encoding for bolA, ibaG, nfuA, mrp and yajL leads to an increase in the NADH and succinate oxidase activities (Table 2 ).
However, the over-expression of grxD repeatedly causes a decrease the NADH but not of the succinate oxidase activity in the corresponding strains. The reason for this is still unknown as it is not the result of a possible regulatory function of GrxD (Couturier et al., 2015) as the amount of complex I subunits were unchanged in the mutant cells (Fig. 5) .
YajL is reported to interact with complex I subunit NuoG and to play a general role in the protection of E. coli proteins against oxidative stress by acting as a covalent chaperone . Cysteine residues that are ligands of Fe/S clusters were proposed to be protected by YajL due to the formation of mixed disulfides. The deletion of yajL was reported to lead to a more than sevenfold reduction of the artificial d-NADH/2,6-dichlorophenolindophenol (DCPIP) oxidoreductase activity of E. coli membranes, which is interpreted as a 82% loss of complex I Messaoudi et al., 2015) . However, the physiological NADH oxidase activity of the yajL deletion strain was decreased just by 22% indicating a much milder effect of the mutation on complex I than proposed (Table 2) . Repeating the assay as described by Le et al. (2012) the NADH/DCPIP of membranes from strain BW25113 Δndh ΔyajL were indeed decreased by 80%. However, the absolute activity was very low (0.05 U mg -1 ) indicating non-optimal assay conditions.
By adapting the assay to optimal turnover rates (300 µg membranes, 200 µM NADH) the NADH/DCPIP activity of membranes from the parental strain was determined to 2.46 ± 0.3 U mg -1 , while membranes from strain BW25113 Δndh ΔyajL showed a just 10 % decreased activity (2.28 ± 0.2 U mg -1 ) in accordance with the NADH oxidase activity described here (Table 2) . Nevertheless, only half of complex I activity was detected in the activity profile of the sucrose gradient loaded with an extract from the ΔyajL strain (Fig. 3) . Thus, the lack of YajL led to the formation of complex I that was much more sensitive to the harsh extraction with 1% dodecyl-maltoside from the membrane. Deleting yajL did not lead to the loss of a binuclear cluster indicating that YajL might act on the tetranuclear Fe/S clusters. It was proposed that the loss of YajL results in high cellular NADH/NAD + ratio caused by the complex I deficiency that is compensated by upregulation of other dehydrogenases of mixed acid aerobic fermentation (Messaoudi et al., 2015) . Indeed, membranes from the ΔyajL strain show a twofold higher formate oxidase activity indicating a metabolic switch to alternative dehydrogenases (e.g. Fdh-O). Thus, YajL is involved in the assembly of complex I even though it exerts a much milder effect as proposed .
To answer the question whether one of the putative Fe/S cluster carrier proteins might also regulate protein biosynthesis e.g. by acting as transcription factor as reported for BolA (Dressaire et al., 2015) the amount of the Nuo-proteins in the strain lacking bolA were determined via mass spectrometry (Fig. 5) . The lack of BolA led to a slight decrease the level of NuoG to 65% ± 10% to that of the parental strain. This is in line with lack of Fe/S cluster N1b being located on NuoG in this strain.
Experimental procedures
Strains, plasmids and oligonucleotides
All E. coli strains, plasmids, and oligonucleotides used in this work are listed in Tables S2-S4 respectively. Deletion strains were constructed as described (Datsenko and Wanner, 2000) . The linear fragments were generated by PCR using primers with 36-50 nt extensions that are homologous to regions adjacent to the gene to be inactivated. The resistence gene (nptII) with FLP recognition target sites was introduced with the phage λ Red recombinase, which is carried by the pKD46 plasmid under the control of an inducible arabinose promoter. The resistance genes were then eliminated by using the pcp20 plasmid encoding the flippase (FLP) recombinase. Genomic mutations and newly generated vectors were checked by sequencing (GATC biotech). Restriction and DNA-modifying enzymes were obtained from Fermentas.
Cell growth and isolation of cytoplasmic membranes
E. coli cells were grown aerobically at 37°C in baffled flasks using minimal media (Miller, 1992) with 25 mM acetate or 25 mM glucose as sole carbon source while agitating at 180 r.p.m. Every growth was performed three times and an error of ±5-8% was determined. The error bars are not shown in the figures due to clarity. Cells for the isolation of cytoplasmic membranes were grown on phosphatebuffered LB-medium. Strains containing a plasmid were grown in the presence of ampicillin (100 µg ml . All further steps were carried out at 4°C. Five grams of the cell sediment were suspended in fourfold volume of 50 mM MES/NaOH, pH 6.0, 50 mM NaCl, 0.1 mM PMSF supplemented with a few grains of desoxyribonuclease I and disrupted by passing twice through a French Pressure Cell Press (110 MPa, SLM-Aminco). Cell debris and non-disrupted cells were removed by centrifugation (9,500 × g, 20 min, 4°C, Rotor A8.24, RC-5 Superspeed Refrigerated Centrifuge, Sorvall Instruments). Cytoplasmic membranes were obtained from the supernatant by centrifugation at 160,000 × g (60 min, 4°C, Rotor 60Ti, L8-M Ultrafuge, Beckman). The sediment was suspended in an equal volume (1:1, w/v) of the buffer mentioned above and either immediately used or frozen in liquid nitrogen and stored at -80°C.
Activity assays
The NADH and succinate oxidase activity of cytoplasmic membranes were measured with a Clarke-type oxygen electrode (DW1, Hansatech) at 30°C in a volume of 2 ml.
To calibrate the electrode 2 ml water were deoxygenized by adding sodium dithionite and the signal was set to 237 mM oxygen (Weiss et al., 1970) . The assay contained 5 µl cytoplasmic membranes and the reaction was started by the addition of the corresponding substrate (1.25 mM NADH, 10 mM succinate) after obtaining a constant baseline. The substrate/ferricyanide oxidoreductase activities were measured as the decrease in the absorbance of ferricyanide at 410 nm with an Ultraspec spectrophotometer (Amersham Pharmacia Biotech, Munich, Germany) in a volume of 1 ml. The assay contained 5 µl membrane suspension or 50 µl of a fraction after sucrose gradient centrifugation. The reaction was started by an addition of either 0.2 mM NADH or 1 mM succinate. Every measurement was done in duplicates from 2 to 3 independent cell growths. An error of ± 5-8% was determined. The NADH/DCPIP assay was performed as described (Messaoudi et al., 2015) .
Sucrose gradient centrifugation
Membrane proteins were solubilized by an addition of 1% (w/v) n-dodecyl-ß-D-maltopyranoside (DDM; Neofroxx) at 4°C. The extract was centrifuged for 20 min at 160,000 × g and 4°C (Rotor 60Ti, L8-M Ultrafuge, Beckman). 2 ml of the supernatant were loaded onto 24 ml gradients of 5-30% (w/v) sucrose and centrifuged for 16 h at 140,000 × g (4°C, Rotor SW28, L8-M Ultrafuge, Beckman). The gradients were fractionated into 1 ml portions and the substrate/ ferricyanide oxidoreductase activities were determined as described above. Every measurement was done as duplicate with membranes isolated from two independent cell growths. An error of ± 6-10% was determined. The error bars are not shown in the figures due to clarity.
Native acrylamide gel electrophoresis
A 3.5-16% polyacrylamide gel was poured. MES (30 mM) and histidine (30 mM) were used as buffers. Membrane proteins were solubilized by an addition of 0.2% (w/v) DDM (Neofroxx) at 4°C over night. After centrifugation for 20 min at 160,000 × g and 4°C (Rotor 60Ti, L8-M Ultrafuge, Beckman) the samples were mixed with glycerol and Ponceau S. The gel was run at 4°C and 15 mA. For staining the gel was incubated for 5 min with 1 mg ml -1 NBT in 100 mM MOPS, pH 8 and the reaction was started by an addition of 100 µM NADH.
Mass spectrometry
Bacteria were grown aerobically on minimal medium (33.7 mM NaHPO 4 (w/v), 22 mM KH 2 PO 4 (w/v), 8.55 mM NaCl (w/v), 9.35 mM NH 4 Cl (w/v), 0.4% glucose (w/v), 1 mM MgSO 4 (w/v), 0.3 mM CaCl 2 (w/v), 1 µg thiamin, 0.13 mM EDTA (w/v), 25 µM FeCl 3 (w/v), 6.2 µM ZnCl 2 (w/v), 0.76 µM CuCl 2 (w/v), 0.42 µM CoCl 2 (w/v), 1.62 µM H 3 BO 4 (w/v), 0.08 µM MnCl 2 (w/v)) until the Mid-log phase. After washing in 50 mM Tris-HCl, pH 8.0, bacterial cells were suspended in 50 mM Tris-HCl, 150 mM NaCl and 0.5 NP-40, pH 8.0 and sonicated. 100 µg protein lysate was mixed with 8 M urea in 10 mM Tris-HCl, pH 8.0 and loaded on filter column (Microcon-30 kDa Centrifugal Filter Unit with Ultracel-30 membrane). Columns were washed with 8 M Urea in 10 mM Tris-HCl, pH 8.0, 10 mM DTT in 8 M Urea in 10 mM TrisHCl, pH 8.0 and 27 mM iodoacetamide in 10 mM Tris-HCl, pH 8.0. Columns were mixed at 600 r.p.m. in a thermomixer for 1 min and incubated without mixing for further 5 min. Eight molars of urea in 10 mM Tris-HCl pH 8.0 was added to each column and the column was centrifuged. After this step, samples were digested for 14 h with trypsin. Peptides were purified on C18 SepPack columns (Teknokroma) and eluted with 800 µl 60% ACN, 0.1% TFA, dried in the speed vacuum concentrator and stored at -80°C prior to mass spectrometry analysis. Measurements were performed on a Q Exactive HF mass spectrometer coupled with a nLC1000 nano-HPLC (both Thermo Scientific). Quantitative analysis of MS/MS measurements was performed with Progenesis LC/MS software (Nonlinear Dynamics) and MaxQuant software (Cox and Mann, 2008) . The following settings for both programs were used for a search: 10 ppm peptide mass tolerance; 0.8 Da MS/MS tolerance; maximum of two missed cleavages allowed, threshold for validation of peptides set to 0.01 using a decoy database, carbamidomethylation of cysteine was set as a fixed modification and oxidation of methionine was set as variable modification. While analyzing data with MaxQuant the "label-free quantification" and "match between runs" options were selected. The minimum peptide length of six amino acids was used. The quantification was performed for proteins with minimum of one unique and one razor peptide. Known contaminants such as keratins were removed from further analysis. While data analysis with Progenesis software peptide identifications with a Mascot score below 25 were excluded. Mascot results were imported into Progenesis QI, quantitative peak area information extracted and the results exported for further analysis.
EPR spectroscopy
Twenty milligrams of cytoplasmic membranes were mixed with 1 µl piericidin A (10 mM). One aliquot was reduced by an addition of 5 mM NADH. Another aliquot was diluted by an addition of the same volume buffer. Spectra of the NADH-reduced and air-oxidized samples were recorded at 40 K and 5 mW microwave power. The spectrum of the oxidized membranes was subtracted from that obtained with the reduced sample.
